The RNA-binding protein fused-in-sarcoma (FUS) has been associated with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD), two neurodegenerative disorders that share similar clinical and pathological features. Both missense mutations and overexpression of wild-type FUS protein can be pathogenic in human patients. To study the molecular and cellular basis by which FUS mutations and overexpression cause disease, we generated novel transgenic mice globally expressing low levels of human wild-type protein (FUS WT ) and a pathological mutation (FUS R521G A myotrophic lateral sclerosis (ALS) is characterized by the degeneration of upper and lower motor neurons, leading to muscle weakness, paralysis, and death within 3-5 y of onset. Interestingly, ∼10-15% of ALS patients have clinical features of frontotemporal lobar degeneration (FTLD), marked by a decline in decision-making, behavioral control, emotion, and language, and as many as half have mild-to-moderate cognitive or behavioral abnormalities (1). FTLD comprises a group of heterogeneous diseases characterized by progressive neurodegeneration of the frontal and temporal lobes and clinically by frontotemporal dementia (FTD) with or without motor neuron disease. There is no cure or effective therapy for those who suffer from ALS or FTLD, and the mechanisms by which these diseases occur are not well understood.
The RNA-binding protein fused-in-sarcoma (FUS) has been associated with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD), two neurodegenerative disorders that share similar clinical and pathological features. Both missense mutations and overexpression of wild-type FUS protein can be pathogenic in human patients. To study the molecular and cellular basis by which FUS mutations and overexpression cause disease, we generated novel transgenic mice globally expressing low levels of human wild-type protein (FUS WT ) and a pathological mutation (FUS R521G ). FUS WT and FUS R521G mice that develop severe motor deficits also show neuroinflammation, denervated neuromuscular junctions, and premature death, phenocopying the human diseases. A portion of FUS R521G mice escape early lethality; these escapers have modest motor impairments and altered sociability, which correspond with a reduction of dendritic arbors and mature spines. Remarkably, only FUS R521G mice show dendritic defects; FUS WT mice do not. Activation of metabotropic glutamate receptors 1/5 in neocortical slices and isolated synaptoneurosomes increases endogenous mouse FUS and FUS WT protein levels but decreases the FUS R521G protein, providing a potential biochemical basis for the dendritic spine differences between FUS WT and FUS R521G mice.
FUS | frontotemporal lobar degeneration | amyotrophic lateral sclerosis | metabotropic glutamate receptors | synaptic homeostasis A myotrophic lateral sclerosis (ALS) is characterized by the degeneration of upper and lower motor neurons, leading to muscle weakness, paralysis, and death within 3-5 y of onset. Interestingly, ∼10-15% of ALS patients have clinical features of frontotemporal lobar degeneration (FTLD), marked by a decline in decision-making, behavioral control, emotion, and language, and as many as half have mild-to-moderate cognitive or behavioral abnormalities (1) . FTLD comprises a group of heterogeneous diseases characterized by progressive neurodegeneration of the frontal and temporal lobes and clinically by frontotemporal dementia (FTD) with or without motor neuron disease. There is no cure or effective therapy for those who suffer from ALS or FTLD, and the mechanisms by which these diseases occur are not well understood.
The clinical, pathological, and genetic overlap between ALS and FTLD suggests that there are mechanisms shared by these diseases. The RNA-binding proteins fused in sarcoma (FUS) and transactive response DNA-binding protein-43 (TDP-43) are the major protein components of inclusions that are characteristic of ALS and FTLD-U (FTLD with ubiquitinated inclusions) (2) . More than 50 genetic FUS mutations have been identified in these related neurodegenerative disorders (3) . Similarly, more than 40 dominant mutations in the TDP-43 gene have been linked to ALS cases and, to a lesser extent, to FTLD (4) . The identification of mutations in the FUS and TDP-43 genes has provided insights for uncovering the disease mechanisms for ALS and FTLD.
FUS is a ubiquitously expressed RNA-binding protein that exists in dynamic ribonucleoprotein complexes involved in pre-mRNA splicing, mRNA stability, and mRNA transport. FUS is a member of the FET family of proteins that bind RNAs (5) and contains an RNA recognition motif, three arginine-glycine-glycine (RGG) boxes, and a zinc finger (ZnF) (6) . RGG2-ZnF-RGG3 is the major RNA-binding domain, which has a preference for GUrich sequences (7, 8) . The N terminus of FUS contains a lowcomplexity sequence domain involved in RNA granule formation (9) . Nucleocytoplasmic shuttling of FUS occurs by a nonclassical proline-tyrosine nuclear localization signal (PY-NLS) and a nuclear export signal (NES) (10) . Methylation of the C-terminal RGG3 domain of FUS is necessary for transportin 1 interaction and nuclear localization (11) .
The majority of clinical ALS/FTLD-associated FUS mutations occur in its C-terminal PY-NLS sequence (12) , which is believed to enhance the cytoplasmic localization and aggregation propensity of the protein and reduce its ability to bind nuclear RNAs. In response to various stressors, FUS localizes into cytoplasmic stress granules (13) . In neurons, there is more immunodetectable FUS at dendritic spines in response to metabolic glutamate receptor (mGluR) agonists (14) . Moreover, neurons cultured from Significance Both overexpression of wild-type fused in sarcoma (FUS) protein and missense mutations can be pathogenic in a group of related neurodegenerative disorders that includes amyotrophic lateral sclerosis and frontotemporal lobar degeneration. It is unclear how FUS overexpression and missense mutations cause disease in human patients. In this work, we generated novel transgenic mouse models expressing low levels of wild-type and mutant human FUS, both of which recapitulate aspects of the human diseases. We found a profound difference in the underlying mechanisms by which missense mutation and wildtype overexpression cause disease. Overexpression of wildtype FUS protein alters its nuclear function at the level of gene expression. In contrast, missense mutation disrupts activitydependent synaptic homeostasis to gain a toxic function at dendritic spines.
FUS-knockout mice have abnormal spine morphology and spine density (14) . It is unclear whether pathological FUS mutations disrupt activity-dependent synaptic structure or function.
Besides missense mutations at the C terminus of FUS protein, overexpression of wild-type FUS caused by mutations in its 3′ UTR also has been linked to ALS (15) , suggesting that overexpression of wild-type FUS is pathogenic under certain circumstances. Indeed, pathogenic effects of increased levels of wild-type proteins are common in other neurodegenerative disorders, as exemplified by increased gene dose or overexpression of wild-type TDP-43, α-synuclein, and amyloid β precursor protein (APP) in ALS/FTLD, Parkinson disease, and Alzheimer's disease (16) (17) (18) . However, in all these cases (including FUS), it is unclear whether protein overexpression and missense mutations contribute to neurodegenerative disorders via common or distinct mechanisms. In this work, we developed novel FUS transgenic mice expressing low levels of human wild-type FUS (FUS WT ) and an ALS-associated missense mutation (FUS R521G ), which is located in the PY-NLS, to investigate the pathological consequences and molecular mechanisms of FUS overexpression and missense mutation.
Results
Development of Cre-Inducible Transgenic Mice Globally Overexpressing Low Levels of Human FUS WT and FUS
R521G
. We generated transgenic mice expressing human wild-type FUS or the R521G mutation under the control of the cytomegalovirus immediate early enhancer-chicken β-actin hybrid (CAG) promoter (Fig. 1A) , referred to as "CAG-FUS WT " and "CAG-FUS R521G ," respectively. In this study, we chose to overexpress the FUS transgenes globally, starting from germ line and at low levels to recapitulate more closely the expression profile and FUS levels in patients with ALS and FTLD, because FUS is ubiquitously expressed in human tissues, and human patients carry FUS mutations (or overexpressed wild-type protein) all their lives, starting from germ line. Accordingly, two mouse lines harboring CAG-Z-FUS WT -IRES-EGFP or CAG-Z-FUS R521G -IRES-EGFP were crossed with the germ-line Meox2Cre mice. Cre recombinase excises the LacZ DNA sequence flanked by loxP sequences, allowing translation of FUS and GFP ( Fig. 1 B and C) . Transgenic CAG-FUS WT mice (lines 629 and 638) and CAG-FUS R521G mice (lines 673 and 682) were born at normal Mendelian ratios (SI Appendix, Table S1 ). Analysis of total brain lysates from CAG-FUS WT (line 638) and CAG-FUS R521G (line 682) mice showed that the level of human FUS expression was similar to that of endogenous mouse FUS (Fig. 1D) .
Mice Table S2 ). The CAG-FUS R521G mice that escaped early lethality had somewhat reduced body mass and displayed subtle motor impairment (SI Appendix, Fig. S2 C-E). Fig. S3 A and B) . In contrast, CAG-FUS R521G mice that escaped early lethality did not have these markers of neuroinflammation (SI Appendix, Fig. S3 C  and D) .
ALS patients develop muscle atrophy caused by the degeneration of spinal motor neurons, together with axonal degeneration and sclerosis of the later columns of the spinal cord, which contain the corticospinal tracts. Examination of the lumbar region of the spinal cord revealed no degeneration of axons in the dorsal corticospinal tract or lateral columns or in the dorsal or ventral roots (SI Appendix, Fig. S4 (Fig. 2C) , a characteristic of denervation in muscle from patients with ALS. CAG-FUS WT muscle showed more severe abnormalities, as observed by the presence of pyknotic myofibers (Fig. 2C, Left) , whereas muscle abnormalities in CAG-FUS R521G mice were less severe (Fig. 2C , Right). Quantification of spinal motor neuron numbers in the cervical spinal cord of CAG-FUS WT and CAG-FUS R521G mice showed no evidence of neuron loss as compared with control littermates (Fig.  2 D and E) . Importantly, there were abnormalities in the neuromuscular junctions (NMJs) of end-stage animals (SI Appendix, Fig.  S5 ), and analysis of the NMJs revealed significant denervation ( Fig. 2 F-H To this end, we used P20 mice with a health score between 1 and 2 (as described in Materials and Methods). We carefully selected these mice to be phenotypically similar. Additionally, the samples for each RNA-seq library (n = 2 for each genotype) were pooled from three individual mice, to take into account any phenotype variability (see SI Appendix, Supplemental Experimental Procedures for details). The analysis from CAG-FUS WT mice revealed 185 differentially expressed genes (with adjusted P value <0.05) (SI Appendix, Fig. S6A and Table S3 ). Genes with increased expression are enriched with Gene Ontology (GO) terms related to immune response: "DNA replication, recombination and repair" and "regulation of cell proliferation." Genes with decreased expression show GO terms related to lipid and sterol biosynthesis. In contrast, CAG-FUS R521G mice had very few genes that were differentially expressed (with adjusted P value <0.05) (SI Appendix, Fig. S6B and Table S3 ), yielding no significant GO terms. The transcriptome profiles of these mice are consistent with the phenotypic differences observed between the CAG-FUS WT and CAG-FUS R521G transgenic models, wherein altering wild-type FUS levels is more deleterious than expression of FUS R521G .
Impaired Motor Function and Sociability in Adult FUS
R521G Transgenic
Mice. CAG-FUS R521G mice that escape early lethality were monitored further. They showed persistently lower body weight (SI Appendix, Fig. S2 C and D) with no obvious deficits in locomotion ( Fig. 3D and SI Appendix, Fig. S7A ) and displayed subtle behavioral differences as compared with their littermates. The motor function of CAG-FUS R521G mice was assessed on a rotorod over a 2-d period. On day 1 of rotorod testing, CAG-FUS R521G mice performed as well as their littermate controls, but on day 2 they had impaired motor function (Fig. 3A) . CAG-FUS R521G mice were monitored on voluntary running wheels and showed less activity over a 9-d period (Fig. 3B ). Despite the reduction in overall locomotor activity, food intake was not altered significantly (SI Appendix, Fig. S7 B and C). Gait analysis of the CAG-FUS R521G mice revealed that the braking phase was greater in the forelimbs ( Fig. 3C and SI Appendix, Table S4 ), and the swing phase was reduced in the hindlimbs ( Fig. 3C and SI Appendix, Table S5 ). Results from the ladder-walking test indicate that the forelimbs have more errors in stepping with few deficits in the hindlimbs (SI Appendix, Fig. S7 E-H). These data indicate that deficits in the motor function of the CAG-FUS R521G mice are modest and are more prominent when their motor function is challenged.
We also examined the social interactions of CAG-FUS R521G mice with intruder/novel juvenile and adult mice. We found that the interaction with juvenile mice was significantly reduced at 4 mo of age (SI Appendix, Fig. S7I ). When introduced to intruder adult mice, CAG-FUS R521G mice did not show any significant deficits before 8 mo of age ( Fig. 3E and Movies S1 and S2). We analyzed the types of social interactions of 8-mo-old CAG-FUS R521G mice with an intruder adult and found that chasing behavior was reduced in CAG-FUS R521G mice ( Table S2 . (G and H) a, P < 0.05; b, P < 0.01; c, P < 0.005; d, P < 0.001 (one-way repeated measures ANOVA and post hoc Tukey test). Error bars represent SD of the mean.
Altered Dendritic Branching in Spinal Motor Neurons and Sensorimotor Neurons of CAG-FUS
R521G Mice. FUS is found in RNA granules at dendritic spines, and immunodetectable FUS at synapses increases in response to group 1 mGluR stimulation (14, 27) . Hippocampal cultures from FUS-knockout mice have altered dendritic branching and reduced mature spines (14) , suggesting that FUS has an important role at the synapse. We hypothesized that deficits in motor function and sociability in the CAG-FUS R521G "escapers" could be caused by alterations in dendrites or dendritic spines in the motor neurons and/or sensory motor cortex. We first examined the dendrites of spinal motor neurons in P18 FUS transgenic mice and found no reduction in the number of dendritic intersections or cumulative area in CAG-FUS WT mice (Fig. 4 A and D) . In contrast, the dendritic intersections and cumulative area of dendrites were reduced significantly in spinal motor neurons in CAG-FUS R521G mice of the same age (Fig. 4 B and D) . We then examined the CAG-FUS R521G escapers at age 2 mo (P60). Even though the distribution of the numbers of intersections and cumulative area of dendrites were slightly different in P18 and P60 mice, we found significant and persistent deficits in the dendritic branches in spinal motor neurons (Fig. 4 C and D) . Moreover, analysis of apical and basal dendrites in neurons in sensorimotor cortex layers IV-V in CAG-FUS R521G mice showed fewer intersections and reduced cumulative area in the apical and basal dendrites of P18 and P60 mice (Fig. 4 E and F) .
Activity-Dependent Reduction of FUS R521G Protein Levels at Synapses.
Cultured neurons from FUS-knockout mice have abnormal spine morphology as well as spine density (14) . Therefore we decided to examine whether our transgenic models had alterations in the number of mature spines. We found that there was no difference in the total number of mature spines in the CAG-FUS WT mice, but CAG-FUS R521G mice had a significant decrease in the number and density of mature spines ( Fig. 5 A and B) .
Activation of group 1 mGluRs in hippocampal neurons has been shown to affect spine shape in a protein synthesisdependent manner (28) . Given what is known about the existence of FUS at synapses and its response to mGluR signaling, we hypothesized that deficits in dendritic branching and spine formation may stem from altered responses of FUS R521G protein to mGluR activation. To test this hypothesis, we determined whether FUS R521G protein displayed an altered synaptic expression upon activation of mGluRs. Using acute cortical tissue slices, we demonstrated that endogenous mouse FUS and human FUS WT protein levels are increased in total cell lysates and in synaptoneurosome fractions after treatment with the group 1 mGluR agonist (R,S)-3,5-dihydroxyphenylglycine (DHPG) (Fig. 5 C and D) . This result is consistent with an increase in immunodetectable FUS at synapses in response to mGluR stimulation previously reported in dissociated hippocampal cultured neurons (14, 27) . In contrast, FUS R521G protein levels were reduced in response to DHPG treatment in acute cortical slices (Fig. 5 C and D) . These results indicate that mutant FUS does not respond properly to mGluR activation, and the reduced FUS levels may lead to the altered dendritic branching and spines.
The decrease in FUS R521G could be caused by a deficit in the synthesis, trafficking, and/or degradation of FUS proteins. To test whether FUS's response to DHPG stimulation is a local event at synapses, we isolated synaptoneurosomes using a discontinuous Percoll-sucrose gradient and treated them with DHPG in vitro. We found that FUS expression is induced significantly in the synaptoneurosomes of control mice (Fig. 5 E  and F) , suggesting that local synthesis of the protein does occur. We then performed these same in vitro experiments in synaptoneurosomes from CAG-FUS WT and CAG-FUS R521G mice. We found that both endogenous mouse FUS and exogenous human FUS WT increase in the CAG-FUS WT samples and decrease in the CAG-FUS R521G samples (Fig. 5G) , as is consistent with our observation in the acute cortical tissue slice model (Fig. 5  C and D) . We then tested whether the decrease in FUS R521G could be blocked using a proteasome inhibitor, MG132, and found that inhibiting the proteasome does not prevent a decrease in FUS expression (Fig. 5H) . Together, these observations suggest that the alterations of FUS levels in response to mGluR activation are local synaptic events, likely related to protein synthesis.
Discussion
Cre-Inducible Transgenic Mice Expressing Low Levels of FUS as Novel Models of ALS and FTLD. The pathological and genetic association of FUS with ALS and FTLD suggests that dysregulation of FUS may lead to neurodegenerative diseases. However, the mechanism by which FUS aggregation or mutations cause ALS and FTLD is not known. To study the role of FUS in neurodegeneration, we generated Cre-inducible FUS transgenic mice that express low levels of wild-type (FUS WT ) or mutant (FUS R521G ) proteins. Under control of the CAG promoter, the human FUS transgene is expressed ubiquitously in the germ line of CAG-FUS WT and CAG-FUS R521G mice (Fig. 1) . CAG-FUS WT and CAG-FUS R521G mice that develop severe deficits in motor function have denervation of the NMJs, muscle atrophy, neuroinflammation, and early lethality ( Figs. 1 and 2) . The phenotypes observed in our transgenic models phenocopy aspects of adult cases of ALS. However, the onset of phenotypes in the mouse models is earlier, more closely reflecting FUS-linked juvenile ALS (29) (30) (31) .
A portion of CAG-FUS R521G mice that escape early lethality have impairments in motor function and sociability (Figs. 1 I-L and 3), which are likely linked to the alterations in dendritic branches and spines in the upper and lower motor neurons (Figs. 4 and 5) . Adult CAG-FUS R521G mice do not perform as well on the rotorod and they are less active on a running wheel (Fig. 3 A and B) . Specifically, the forelimbs of these mice are impaired (SI Appendix, Fig. S7 E and F) . Upper or lower limb weakness is common in both ALS and FTLD with motor function deficits (32) (33) (34) (35) . Changes in social interactions also are a common clinical feature of patients with FTLD and in ALS patients with dementia (1). Similar to progranulin (Grn)-knockout mice, a model of familial FTLD that has deficits in social interaction (36) , CAG-FUS R521G mice have deficits in social interactions with intruder/novel juvenile and adult mice (Fig. 3 E and F and SI Appendix, Fig. S7I ).
Differences and Commonalities in FUS Overexpression and Missense
Mutations. The CAG-FUS WT and CAG-FUS R521G mouse models demonstrate that increased expression of FUS alone can cause cellular toxicity. This result is consistent with the recent finding that mutations in the 3′ UTR of FUS increase FUS expression levels and cause ALS (15) . This result is also in agreement with the observations that increased gene dose or overexpression of APP, α-synuclein, and TDP-43 can cause Alzheimer's disease, Parkinson disease, and ALS/FTLD (16) (17) (18) . On the other hand, we did not detect overt motor neuron loss or apparent ubiquitin-positive aggregation and mislocalization of FUS in neurons and glia of either of our transgenic mouse models (SI Appendix, Fig. S1 E-H) , suggesting that permanent FUS mislocalization, aggregation, and motor neuron loss are not necessary for disease onset but might be end-stage pathological markers or outcomes in human patients. Moreover, our studies suggest that peripheral and central synapses are more vulnerable than axons and cell bodies and that synaptic defects precede axonal and neuronal degeneration.
The cellular phenotypes observed in our animal models may represent cellular events occurring before FUS mislocalization, aggregation, and neuronal death that are the key neuropathological features of ALS/FTD. Although FUS R521G is not overtly mislocalized in our animals, it is likely that the shuttling dynamics of FUS R521G are altered, because FUS R521 residue is located at PY-NLS. On the other hand, PY-NLS has very high binding affinity (k d = 9.5 nM) for karyopherinβ2 (Kapβ2, also known as "transportin"), which mediates FUS nuclear shuttling (37) . Although ALS mutations in PY-NLS reduce Kapβ2-binding affinities by several fold (37), the mutant FUS proteins still have nanomolar affinity and thus are expected to be translocated efficiently to the nucleus unless the nuclear import machinery is overwhelmed (such as when wild-type or mutant FUS proteins are massively overexpressed). Therefore it is not surprising that there is no overt FUS mislocalization in our transgenic mice with low FUS expression.
Some of our CAG-FUS R521G mutant mice escaped early lethality, but none of the CAG-FUS WT mice survived to adulthood. The similar phenotypes we observe in both of the CAG-FUS WT and CAG-FUS R521G founding lines reduces the possibility that these observations are caused by insertional effects. Also, these transgenic lines have very low copy numbers of transgenes with single genomic insertion (SI Appendix, Fig. S1C ). Interestingly, in ALS patients the age of disease onset and clinical phenotypes are variable, with incomplete penetrance for TDP-43 and FUS mutations. It is possible that other factors, such as genetics and environment, have an impact on whether an individual can escape the consequences of these autosomal dominant mutations. Incomplete penetrance has also has been observed in carriers of the APOE4 allele, 50% of whom develop Alzheimer's disease but the remainder do not. Another argument for incomplete penetrance of FUS mutations has to do with the possibility that mutations in the PY-NLS are also partial loss-of-function mutations, presumably in gene expression. This is supported by the finding that the ALS-associated FUS mutant proteins R521G and H517Q have reduced binding to intronic sequences of its nuclear RNA targets (24) .
We note that the CAG-FUS WT mice readily recapitulated human diseases caused by increased levels of wild-type FUS. Although CAG-FUS R521G mice can model the toxic gain of functions of FUS (which is highly relevant to the studies of ALS/FTLD), modeling loss of function is more difficult in the mutant mice. Nevertheless, results from our parallel studies of the wild-type and mutant animals are consistent with a model wherein overexpression of FUS WT alters the nuclear function of endogenous FUS at the level of gene expression, but FUS R521G mutation has both a partial loss of function in RNA regulation and gene expression and a partial toxic gain of function in disrupting synapses. This model is supported by our transcriptome analysis of the spinal cords of the transgenic mice, which revealed that the gene-expression pattern is altered in CAG-FUS WT mice but not in CAG-FUS R521G mice (SI Appendix, Fig. S6 ). This result also potentially explains why an increase in wild-type FUS level is more deleterious than the overexpression of FUS R521G ( Fig. 1 and SI Appendix, Fig. S6 and Table S2 ). At the steady state, both FUS WT and FUS R521G stay mainly in the nucleus, but FUS R521G has no apparent effect on gene expression. This result supports the view that overexpressed FUS R521G has a diminished ability to alter the nuclear function of endogenous FUS in gene expression. As discussed in more detail in the next section, although FUS R521G does not affect gene expression, it has a toxic gain of function disrupting synaptic homeostasis at dendritic spines. In contrast, FUS WT does not affect synaptic homeostasis.
In other published animal models (38) (39) (40) , overexpression of wild-type FUS has been reported as being less toxic than overexpression of mutant FUS. In addition, a recently developed FUS WT transgenic mouse line showed no deficits until crossed to homozygosity, wherein these mice displayed progressive hindlimb paralysis and neuromuscular denervation (41) . These studies contrast with our observation that overexpression of FUS WT is more toxic than overexpression of FUS R521G in terms of early lethality. The reason for the different degree of toxicity in different FUS transgenic models needs to be examined further and will yield important insight into disease progression. In this regard, we note that in our models FUS proteins are expressed globally at low levels and during early embryonic development. Because ALS is thought to be a non-cell-autonomous disease (42) , it will be important to examine the contribution of different cell types, particularly astrocytes and microglia, to the phenotypes observed in our transgenic models. The Cre-inducible transgenic system developed herein will allow temporal and spatial expression of FUS proteins in glial cells to test the hypothesis that ALS and FTLD are non-cell-autonomous. Similarly, it will be informative to use Cre-lines specific for motor neurons and cortical neurons to examine separately FUS's contributions to ALS and FTLD.
Mutant-Specific Disruption of mGluR-Dependent Synaptic Homeostasis.
Primary hippocampal cultures from FUS-knockout mice have altered dendritic branching and reduced mature spines (14) . Based on this information and the behavioral phenotypes in the CAG-FUS R521G mice, we examined dendritic branching in the motor neurons and sensorimotor cortex and found significant reductions in dendritic intersections and in the cumulative area of dendrites. Moreover, the density of mature dendritic spines is reduced in the apical and secondary dendrites in the mutant mice (Fig. 5) . These data are consistent with transgenic mice harboring the R521C mutation under control of the Syrian hamster prion promoter (43) . However, Qiu et al. (43) reported only transgenic mice for FUS mutant R521C, without comparable wild-type transgenic animals. Therefore it was unclear whether the phenotypes in their studies were caused by simple overexpression of FUS protein or were specific to the FUS mutation. In our studies we observed persistent dendritic defects in the spinal motor neurons and cortical neurons in FUS R521G mice at P18 and P60, suggesting that the negative impacts of FUS R521G on dendritic morphology can occur at young age. Importantly, we did not see the same alterations in the CAG-FUS WT mice, indicating that although certain aspects of the CAG-FUS WT and CAG-FUS R521G models are similar, the alterations in synaptic homeostasis resulting in alterations in dendritic branches and spines are specific to the R521G mutation. It is likely that disruption of synaptic homeostasis at dendritic spines contributes to the alterations in motor function and social interaction of the mutant transgenic animals.
Interestingly, Grn-knockout mice display similar alterations in dendritic branching and spine maturation, which correspond with deficits in social interaction (36) . FTLD and ALS share common clinical and pathological features including loss of cognition, motor impairment, and TDP-43-or FUS-positive inclusions. Although the FUS R521G mutation is associated with familial ALS, the rare FUS mutations P106L, G206S, and M254V are linked to familial FTLD (3). Indeed, our CAG-FUS R521G mice phenocopy aspects of the loss of motor function observed in ALS. They also show changes in social interactions resembling those observed in FTLD. On the other hand, alterations in dendritic branching and spines have not been documented for ALS or FTLD, but the findings from our CAG-FUS R521G mice suggest that these alterations might exist in human patients.
FUS also localizes to RNA granules at the synapse (27) and copurifies with the NMDA receptor (44) . In response to mGluR5 stimulation, there is more immunodetectable FUS at dendritic spines (14) . Fujii et al. (14) did not assess whether the increase in immunodetectable FUS at the synapse was caused by local translation of FUS mRNA or by localization to the synapse. Using an in vitro assay to assess local protein translation in isolated synaptoneurosomes, we demonstrate that the increase in FUS expression at the synapse in response to mGluR activation is a local event (Fig. 5  E and F) . The acute increase in synaptic FUS expression in response to mGluR activation as demonstrated by Fujii et al. (14) and in our study strongly suggests that FUS participates in the regulation of mRNAs important to synaptic function and serves as an important synaptic RNA-binding protein. This finding is reproducible in our studies using acute cortical tissue slices, where FUS WT protein is increased but FUS R521G protein is reduced in response to mGluR activation (Fig. 5 C and D) . We also found that inhibiting the proteasome does not prevent the activity-dependent decrease of FUS expression in synaptoneurosomes isolated from CAG-FUS R521G mice. Together, these observations suggest that the alterations of FUS levels in response to mGluR activation are local synaptic events that are likely to be related to protein synthesis. Future studies will test whether dysregulation of synaptic FUS in response to mGluR activation contributes to the altered dendritic branching and maturation of spines in the CAG-FUS R521G mice and perhaps also in human patients with ALS or FTLD.
Activity-dependent down-regulation of the FUS R521G protein at the synapse and its potential role in disrupting the formation or maintenance of dendritic spines provides a tantalizing mechanism for FUS regulation at the synapse. In this context, we note that our finding that FUS dysfunction disrupts synaptic homeostasis at dendritic spines somewhat parallels observations for another RNA-binding protein, fragile X mental retardation protein (FMRP). FMRP has been shown to regulate spine shape in a protein synthesis-dependent manner. In response to mGluR signaling, FMRP regulates local translation of mRNAs at the synapse (45) . Loss-of-function mutations in the FMR1 gene cause fragile X mental retardation syndrome, in which a deficit in spine maturation is thought to underlie the autism-like symptoms in individuals with the syndrome (46) . In the future, it would be important to test how deficits in the synthesis of mutant FUS proteins lead to the disruption of synaptic homeostasis. Moreover, it would be of interest to examine whether disruption of synaptic homeostasis caused by dysfunction of RNA metabolism represents a common theme of brain disorders.
Materials and Methods
For more details, see SI Appendix, Supplemental Experimental Procedures.
Generation of FUS Transgenic Mice. Wild-type or mutant R521G human FUS cDNAs were inserted into the CAG-Z-IRES-EGFP vector (provided by Yuji Mishina, University of Michigan, Ann Arbor, MI). The CAG-Z-FUS-IRES-EGFP construct was digested with AflII and SpeI to remove the vector sequence and then was injected into fertilized oocytes from C57BL/6 female mice and implanted into pseudopregnant ICR mice. Mice carrying the transgene were identified by PCR analysis and β-galactosidase activity as previously reported (47) . To induce global overexpression of human FUS, the CAG-Z-FUS-IRES-EGFP mice were bred to Meox2-Cre mice to yield CAG-FUS WT or CAG-FUS R521G mice. CAG-FUS WT and CAG-FUS R521G pups were monitored daily and scored as follows: 0 = healthy; 1 = limp tail or hindlimb weakness; 2 = limp tail and hindlimb weakness; 3 = moderate hindlimb weakness and/or unilateral hindlimb paralysis; 4 = bilateral, complete hindlimb paralysis; and 5 = moribund state accompanied by complete hindlimb paralysis with forelimb weakness. Mice with a score of 3 or higher or that had a loss of total body weight >20, were considered to have reached end stage and were euthanized. All experimental procedures involving animals in this study were reviewed and approved by the University of Texas Southwestern Institutional Animal Care and Use Committee.
Behavior Testing. Grip test. Mice were placed on a 15.5 × 15.5-cm wire grid. The grid then was inverted and secured 42 cm above a padded surface. Latency to fall was measured, with a maximum trial time of 1 min. The latency acetyltransferase (ChAT) (1:300; Millipore), biotinylated rabbit anti-goat IgG antibody (1:100; Vector Labs); and the VECTASTAIN Elite ABC Kit (Vector Labs) were used for staining motor neurons. ChAT-positive cells in the ventral horn region were quantified using at least 12 images per animal. CAG-FUS R521G (n = 3) and CAG-FUS WT (n = 4) transgenic mice and their littermate controls (n = 3 or 4) were analyzed.
Acute Treatment of Cortical Tissue Slices with DHPG. After DHPG treatment of acute cortical tissue slices, total cell lysates were collected, and the remaining homogenate was passed through two 100-μm filters and then through one 10-μm filter. Synaptoneurosomes were pelleted after 10-min centrifugation at 1,000 × g. Total cell lysates, supernatants, and synaptoneurosomes were lysed as previously reported (50) . Experimental replicates (n = 3) were analyzed for each genotype.
Synaptoneurosome Isolation, in vitro Treatment with DHPG. Synaptoneurosomes used for in vitro DHPG stimulation experiments were isolated as previously reported (51) . Synaptoneurosomes were equilibrated to room temperature for 10 min before stimulation with DHPG (100 μM). Pretreatment with DMSO (vehicle) or 25 μM MG132 (Tocris Biosciences) was performed at room temperature for 10 min before DHPG stimulation.
